HIV, the human immunodefi ciency virus that causes AIDS, began to accelerate its spread in the human population around the time when science started to understand that retroviruses existed and could insert DNA copies of their RNA genes into the genome of a host cell. Without that understanding coming from a hitherto obscure corner of the life sciences, the fallout of AIDS could have been much worse, both in lives lost and in societies' treatment of the groups more severely affected by it.
But what happens if a retrovirus gains a foothold in a species that doesn't have the ability to produce drugs against it and take preventive measures? What if it becomes inheritable? Such things happened often in the early evolution of animals, and those species that weren't wiped out by the infectious agents evolved protein-based controls against the foreign DNA. Today, remnants of both disease and cure originating before our fi sh ancestors conquered land are still present in our genomes, only with a very different function.
Fighting viruses
Around 3% of our genes code for proteins that contain at least one zinc fi nger -a very simple but versatile protein structure coordinated around a zinc ion. Combinations of several such fi ngers in a controlled spatial arrangement can recognise and bind specifi c DNA sequences, which is why many zinc fi ngers are found in DNA-binding proteins, such as transcription factors and nucleases.
In mammals, the largest family of zinc fi nger transcription factors is known by the acronym KRAB (Krüppel-associated box, where Krüppel is the name of a Drosophila mutant affecting a transcription factor in the fl y). The function of this large family of proteins remained a mystery until around 10 years ago, when researchers found a role for at least one of them.
The group of Didier Trono at the Ecole Polytechnique Federale in Lausanne, Switzerland reported results in 2007 that fi rst pointed to KRAB zinc fi nger proteins as potential inducers of DNA methylation, an important mechanism of gene control. As methylation is involved in the control of mobile genetic elements in early embryonic development, Trono and colleagues began to suspect that there may be a connection between these two areas.
In 2009, Daniel Wolf and Stephen Goff at Columbia University in New York, USA, could show that, in certain cell cultures, the zinc fi nger protein ZFP809 can activate the defence against retroviruses. It recruits a corepressor called KAP1, which in turn activates several enzymes that carry out epigenetic modifi cations to make sure that the viral DNA smuggled into the genome is silenced.
That made sense as an acute reaction to a specifi c viral attack, but it still did not explain why the KRAB factors were not only retained throughout the evolution of tetrapods long after the original threat disappeared, but expanded to become such a vast family of genes. Shortly thereafter, however, Trono and colleagues demonstrated that when KAP1 is removed from murine embryonic stem cells, these cells start expressing a wide range of mobile genetic elements, a strong indication that the KRAB-KAP1 system was broadly engaged in the control of these genetic units.
The group of Todd Macfarlan at the NIH in Bethesda, Maryland, USA, found a more permanent role for ZFP809 after a viral attack (Genes Dev. (2015) 29, 538-554) . Not only does it keep retroviral DNA in the genome under control, but it also shuts down a whole group of transposable elements with certain sequence characteristics. At that point, researchers began to suspect that this kind of policing of rogue DNA in the genome might be the main
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A large family of proteins is entwined with the evolution of terrestrial vertebrates from fi shes. Its original function was defence against viruses and mobile DNA elements, but after domestication of the rogue DNA the former enemies co-evolved to form a new, species-specifi c mechanism of gene regulation. Michael Gross reports. carries on over generations, it is conceivable that the retroviral DNA loses the infective capacity but stays locked down by the transcription factor. Similar arguments apply for transposable elements, where the risk is not infection but the disruption these elements may cause if they land in a different location in the genome.
At fi rst, the results from Macfarlan's lab appeared to suggest that the zinc fi nger protein exerts its control mainly during early development, making sure that the epigenetic markers are set such that the rogue DNA remains silenced and these markers will remain in place through to adulthood.
An evolutionary role
A more complex picture emerged more recently from the work of Didier Trono's group, who could show that the struggle between the transcription factor and the foreign DNA is still felt in the adult organism, and that it affects the expression of other genes nearby (Dev. Cell (2016) 36, 611-623) .
Studying the expression of specifi c factors and their effects on their target sequences in cell cultures of the mouse, the researchers discovered that the genetic region concerned doesn't always remain switched off throughout the lifetime of the organism. Both in mature cells and in embryonic stem cells, they discovered that the KRAB zinc fi nger transcription factors were still actively and dynamically controlling their targets, rather than relying on the epigenetic markers set in early development.
The dynamic interaction between the factors and their target sequences affects nearby genes and other effectors. The researchers show, for instance, that these play a role in establishing pluripotency status in stem cells. In a separate project in collaboration with the team of Rudolf Jaenisch at the Massachusetts Institute of Technology at Cambridge, USA, these fi ndings were used to defi ne criteria distinguishing between different states of embryonic stem cells (Cell Stem Cell (2016) 19, 502-515) .
From Trono's results in mouse cells, it emerges that the shared role of these transcription factors and their recognition sites is more dynamic and complex than many people anticipated. Trono and colleagues interpret them as evidence that the zinc fi nger proteins succeeded in "domesticating" the foreign DNA sequences they recognise, not only rendering them harmless but also making them useful for the host cell by incorporating them into the gene regulation network.
As each species will have encountered DNA from different pathogens and developed its own response against it, these domesticated intruders have the potential to add to the uniqueness of the host species.
In a recent study, Trono and colleagues provided further evidence reason why KRAB zinc fi nger proteins are so widespread. Their evolution has been described as an arms race between invading DNA elements and defending hosts, in which invaders mutate to evade the defences, and hosts adapt to the new variants, creating species-specifi c variants of the transposable elements and the transcription factors in the process.
Knockout experiments in mice showed that, without the function of the zinc fi nger protein, retroviral genes become active along with some other genes that happen to be in their vicinity. If this power struggle for this comprehensive view of KRAB zinc fi ngers and their recognition sites as a key element in animal evolution (Nature (2017) 543, 550-554). They analysed the distribution and phylogenetic relationship of these transcription factors across the tetrapods and even among our closest fi sh relatives including the coelacanth, as well as the sequences targeted by 222 different human KRAB zinc fi ngers.
The phylogenetic analysis covering 203 species showed that the large family has deeper roots than originally thought -we share it not only with all mammals, but also with the coelacanth (Latimeria chalumnae), the 'living fossil' species that is more closely related to the fi sh ancestor that made the transition to land than it is to the majority of extant fi sh species (Curr. Biol. (2013) 23, R419-R421). This suggests the KRAB zinc fi nger response to invading DNA fi rst evolved some 420 million years ago.
The analysis of human target sequences confi rmed that most are transposons. "The vast majority of KZFPs binds to specifi c motifs in transposable elements," Trono explained in a statement. "For each KZFP we were able to assign one subset of transposable elements, and also found that one transposable element can often interact with several KZFPs. It is a highly combinatorial and versatile system."
However, most of these transposable elements lost their mobility long ago. The fi nding that the molecular recognition between the target sequence and the transcription factor is maintained long after the danger it originally held at bay has disappeared seems to support Trono's view that the former arms race has evolved into a speciesspecifi c device for gene regulation. "This co-evolution resulted in shaping human gene regulatory networks that are largely proper to our species or at least primate-restricted -the farther away in evolution, the fewer the similarities," Trono said.
Other fi ndings that support the domestication hypothesis include the "exquisitely refi ned expression patterns" as Trono says, fi ne-tuned to both the tissue and developmental context. If they were only needed to silence rogue DNA, these patterns wouldn't have evolved.
A separate study of KRAB zinc fi ngers in mice provides an interesting comparison point. Like humans, mice have several hundred KRAB zinc fi nger proteins, but their latest expansion happened much more recently, hinting at relatively recent threats from rogue DNA (PLoS One (2017) 12, e0173746) . By careful analysis of the mouse genome, Trono's group could double the number of sequences annotated as KRAB zinc fi nger genes or pseudogenes.
In the process, the researchers also gained an understanding of how these are distributed and organised in the genome. Discovering closely related zinc fi nger genes on different chromosomes of the mouse, they conclude that the family is still very much on the move. They fi nd that the ancestral mouse genome has been exposed to massive retroviral threats relatively recently, around 50 million years ago, which was the same time as when the KRAB zinc fi nger gene family expanded, and after the split between the evolutionary lineages of mouse and rat.
These analyses show how parts of the rogue DNA sequences targeted by the factors have become recognition sites of gene regulation, providing vital tissue-specifi c control mechanisms for other genes.
Understanding evolution
To the evolutionary biologist, these fi ndings offer a beautiful story of how confl ict between pathogen and host can over time evolve into a new, shared role within the host's genetic network. Like wolves and hunters evolved to become dogs and masters, the former foes are now co-operating under the control of the host genome. In the deal, the former viral DNA, while unable to spread, gains immortality as a useful part of the host genome.
These recently evolved and newly discovered mechanisms inevitably add to the complexity of our understanding of the workings of life. Far from being a linear book of life, as it has sometimes been represented at least in the general media, the genome has turned out to be a multidimensional network of interactions which biology is only beginning to unravel. It is satisfying to see in the zinc fi nger story a plausible history of how this complexity expanded and became species specifi c. What turned you on to biology and to your specifi c fi eld of research? I grew up in the middle of New York City, and as such, my exposure to animals in their natural environment was limited at best. When I was really young I remember thinking that the sparrows in the housing development where we lived were just baby pigeons. There were big birds (pigeons) and little birds (sparrows), and so the little birds had to be the babies of the big birds. Not an especially auspicious start to a life in the natural sciences, I admit, but things got better when I attended Stuyvesant High School, arguably the best science and math high school in the country at the time. There I learned about the scientifi c method, but still had almost no exposure to work in evolution or animal behavior. When I went off to university, I was studying history, when a dear friend of mine, who was taking some biology courses, told me to take a look at the book they were using in his animal behavior class. It was a very early edition of John Alcock's Animal Behavior, and I was almost instantly hooked. The fi eld seemed so conceptually, theoretically and empirically fascinating. Soon I realized one could actually make a career studying this and I knew I had to do just that.
What's the most fascinating project you have been involved in? While I still love doing experiments and building mathematical models of evolution and behavior, it is a history of science project that has been my burning passion of late. About six years Q & A ago, I approached Lyudmila Trut, a professor at the Institute of Cytology and Genetics in Novosibirsk, Russia, about writing a book on the famous silver fox domestication experiment, in which the calmest animals have been selected generation after generation for nearly six decades. Lyudmila has been leading this experiment since 1959 (not a typo, Lyudmila is 83) and she loved the idea of writing a popular book about it together. I have traveled to Siberia a number of times working on this project, and I learned that the fox domestication experiment is wonderfully rich and textured: even more than I had imagined. It's akin to a set of Russian nesting dolls that open up to reveal story after story, each embedded within the one before it. There is the tale of path-breaking science in the midst of the often brutal winters of Siberia, within which is hidden a remarkable collaboration between an older, freethinking scientifi c genius and a trusting, but gutsy young woman. One level deeper, you fi nd yourself lost in the magical tale of hardscrabble but openhearted humans and the wild animals who they domesticated developing such deep attachments to each other that each seemed to forget the species divide between them.
Why were you lecturing in a grass fi eld at Cornell University, dressed in 18 th century attire? Ah, yes, THAT lecture... A colleague of mine, Kern Reeve, had invited me to Cornell to give a talk on some research I was doing on a wonderful debate between Thomas Jefferson and French natural historian Count Buffon over whether life in the New World was degenerate compared
